In this paper, the nonlinear friction characteristic of a custom made symmetrical linear hydraulic actuator is investigated using the Extended Kalman Filter (EKF). A new and very accurate characterization of friction is made by using a quadratic function of the piston velocity. Further to this proposed empirical friction model, the EKF is used to estimate the function coefficients. In this paper, an iterative approach is used to maintain system observability and render the estimation process more reliable. The study is conducted in simulation and by using measured experimental data. The estimated states and parameters by the EKF are found to be convergent to their known values in simulation and, further to experimental results, unique and repeatable. In addition, changes in the friction characteristics, which can occur in the physical system due to wear in the piston seals or degradation in the oil properties, are detected and accurately estimated by the EKF in simulation. This study presents an accurate nonlinear model for the representation of friction in a hydraulic actuator. It paves the way for the implementation of strategies for early fault detection in hydraulic systems. 
INTRODUCTION
Fluid power is used in a wide range of airborne, mobile and stationary applications, such as in the aerospace industry, off highway equipment, agricultural machinery, manufacturing industry and robotics [1] . There is a growing demand for hydraulic systems which are reliable, safe and efficient. Condition monitoring of increasingly complex fluid power devices can increase their reliability. Measurements from the system can be used to quantify the health condition of the system. The information required for condition monitoring can consist of estimated system states and parameters, which are then compared to thresholds to determine a gradual or an abrupt deterioration in the system. Therefore, system parameters that are not measurable but observable can be estimated by using parameter/state estimation techniques such as the Extended Kalman Filter (EKF) [2] . However, condition monitoring strategies are not restricted to state/parameter estimation techniques. Other methods such as oil pressure, flow and temperature monitoring, oil contamination monitoring, spectral analysis and vibration analysis of hydraulic components, neural networks and expert systems are commonly used, especially due to progress in the field of sensor technology and computers [3] [4] [5] [6] .
In this paper, the friction characteristics of a custom made linear symmetrical actuator are investigated. The linear actuator forms part of a novel hydrostatic actuation system referred to as the ElectroHydraulic Actuator (EHA) [7] [8] [9] [10] . The EHA is a high performance actuation system capable of moving large inertial loads with very high accuracy and precision. The potential markets for the EHA are in robotics, aerospace and manufacturing industries. Condition monitoring of the ERA will increase its safety and functionality.
Previously, the EKF has been used with some success to estimate two important parameters for the EHA, namely the effective bulk modulus and the equivalent viscous friction coefficient [9, 10] . In this paper, the friction characteristics of the linear actuator are investigated by experimentation and a new empirical model for friction is proposed. The coefficients of this model are then estimated in real-time by using the Extended Kalman Filter. It is shown that the EKF can effectively and accurately track changes in model coefficients. The validity of the estimation is discussed in relation to the observability condition. The following section serves as a brief introduction to the ElectroHydraulic Actuator which is the experimental platform used in this study.
THE ELECTROHYDRAULIC ACTUATOR (EHA)
The ElectroHydraulic Actuator (ERA) is a high performance hydrostatic actuation system that consists of a variable speed, electrically driven gear pump, a custom made symmetrical linear actuator, pressure and position sensors, an accumulator, and a pressure relief safety sub-circuit. The pressure difference created in the actuator chambers as a consequence of pumping action exerts a force on an external load, consisting of a mass on a horizontal slider. A circuit diagram of the ERA is given in Figure  1 and its prototype is presented in Figure 2 . The ERA uses two control loops involving an inner-loop motor/ pump speed feedback and an outer-loop load position feedback. As such, input to the closed loop EHA system is the desired piston position. An optical encoder is used to measure the position of the inertial load attached to the piston and to feed it back to the Matlab/Simulink® (Real-Time Workshop) platform used for driving the EHA.
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EXPERIMENTAL DETERMINATION OF THE NONLINEAR FRICTION MODEL
In this section, the measured friction model for the actuator consisting of a velocity curve is presented. The friction characteristics in linear actuators are generally nonlinear in nature, although linear models are assumed sometimes to simplify their analysis. This nonlinearity is due to the movement of the piston and of the fluid in the actuator, resulting in the breaking of microscopic bonds between the piston seals and the inner surface of the cylinder. The required force to overcome these bonds is usually termed static friction and it occurs before motion starts. As the piston starts moving, the friction force drops suddenly. Viscous friction is a different type of friction force present in the linear actuator and it arises because of shearing of the fluid found between the piston seals and the cylinder surface [11] . Viscous friction is a function of piston velocity and oil viscosity. These changes in friction regime as the piston moves can result in jerky actuator motion, commonly referred to as stick-slip friction, making precision positioning of the piston and repeatability of results challenging. Some level of hysterisis also prevails due to the "spring-like" characteristic of these microscopic bonds. It is expected that wear of the piston seals and changes in the lubricating properties of the oil in the actuator, will have an effect on the friction characteristics and using the EKF to detect those changes can serve as an effective fault detection strategy for the actuator and for the ERA. Friction has been characterized by different nonlinear models in the literature [12] [13] [14] . In this study, different models for friction were not applied to the ERA.
The experimental procedure for obtaining the friction model for the ERA consisted of keeping the piston velocity constant, i.e. with zero acceleration, and measuring the pressure difference across the actuator. Knowing the piston area and the differential pressure, the friction force can be calculated. For an ideal actuator with no slip stick, zero acceleration will imply that the force required to move the piston at constant velocity overcomes friction and stick slip friction only as shown in Equation 1.
Therefore, series of triangular waves which represented the desired piston position for the closed loop ERA system, were used as inputs to the prototype and the differential piston pressure at each velocity was measured. Note that the slope of the triangular input signal was the desired piston velocity. The procedure followed was to measure the velocity-time trace in which the velocity was constant and then measure an average value of force. The magnitude of the velocity was changed and the corresponding force recorded. The test was repeated several times at a constant temperature of 24±loC and the results summarized in Figure 3 . This figure shows the measured forces required for overcoming friction and their corresponding constant piston velocities. The experiments were repeated several times for each piston velocity. From Figure 3 , it is observed that the force-velocity relationship, as expected, is nonlinear and in fact has an almost quadratic shape. Thus a quadratic friction model, which would be a realistic model for friction in this case, was assumed for the actuator and this model could be expressed in a general form as follows: (2) The coefficients of the quadratic function characterize the friction model and the Extended Kalman Filter (EKF) will be used for their estimation. As such, in the following section, the Kalman filter is briefly introduced for completeness. 
EXTENDED KALMAN FILTER
The Extended Kalman Filter (EKF) is used in this paper for parameter and state estimation of friction coefficients for the actuator. The EKF is an optimal state estimator that requires a discrete state space model as follows, [15] [16] [17] :
The random variables w(k)and V(k) are white noise thus uncorrelated with zero means and normal probability distributions,
where Q(k) and R(k) are lmown covariance matrices of W(k) and V(k) , respectively.
In a state/parameter estimation problem, the state space model has to be formulated to treat parameters as dummy states and become nonlinear after reconstruction. As such, the Extended Kalman Filter that pertains to nonlinear systems has to be used. In this method, the Kalman filter methodology is adapted to a nonlinear system by continually linearizing the model about the previous state estimate. For the nonlinear model:
Its linearized form is as follows:
where:
The five Kalman filtering equations can be summarized as follows, [2, [15] [16] [17] : whereK(k) is the Kalman gain, X(k) and X-(k) are the refined and unrefined state estimates, and r(k) and P(k) are the unrefined and refined estimates ofthe error covariance matrix.
STATE SPACE REPRESENTATION OF THE FRICTION MODEL FOR PARAMETER IDENTIFICATION
The state space form of the friction model can be constructed to include the parameters that are to be estimated (the coefficients of the friction model) as dummy states such that [2, 10, [17] [18] [19] [20] :
where e(t) = [a p a z ,aJ is the vector of system parameters that are to be estimated. The elements of e(t) are assumed to be subject to a random system noise. Using Equation 2 the state space model of the ERA system is obtained as: 
where T is the sampling time (set as O.OOls), the discrete state space model is obtained as:
Transactions ofthe CSME 
THE REQUIREMENT FOR OBSERVABILITY IN THE APPLICATION OF THE EKF FOR THE ESTIMATION OF THE FRICTION COEFFICIENTS
Using Equation (12) and linearizing the system matrix:
where
The initialization matrices used in the EKF were set as follows: The initializing matrices for the EKF are important in ensuring convergence of the parameters. In this study they were obtained by trial and error. The error covariance matrix is chosen to be large in order to ensure rapid convergence to the estimated parameters. The system noise covariance matrix which represents the level of uncertainty in the model and the measurement noise matrix which pertains to sensor noise were set by trial and error.
Using the algorithm described in the previous section, the parameters at' a 2 and a 3 and the piston position and velocity (the two states) for the prototype are estimated using the EKF algorithm. The input to the filter is the measured load pressure and both piston position and velocity are used as measurements. Preliminary simulation and experimental studies have revealed that the triangular wave inputs used to generate the friction characteristics for the actuator were not a good input waveform for the state estimation problem due to their very limited frequency spectrum. The richness of the frequency content in the bandwidth of interest is very important to the EKF for its ability to estimate coefficients. Therefore a more reliable input that also lend itself favourably to the actuator was found to be a sinusoidal signal where the velocity would be changing. A sinusoidal input signal, 4 Hz and O.Olm was found to be more suitable since it was richer in terms of range of velocity information. Some typical experimental results of using a sinusoidal input signal of 4 Hz and 0.01 m magnitude and the corresponding EKF estimation of a, ' a 2 and a 3 are shown in Figure 4 . Figure 4 , it can be seen that the estimated states, (superimposed on measured states) match each other closely, There is no visible difference between the estimated and measured states, The EKF estimated the coefficients G1'Gzand G 3 as 2.176xl0 4 -1.885x10 3 and 73.2, respectively. A plot of the measured friction-velocity relationship of the prototype using the estimated coefficients is shown in Figure 5 . The curve (solid line) is the estimated friction force-velocity relationship. From Figure 5 , the estimated friction model and the measured friction model differ. In addition the estimation results were found not to be repeatable. Moreover, since the state space model was not observable, the EKF estimated some values for the parameters and these values were not necessarily uniquely determinable from the measurements. Observability ensures uniqueness of estimation, Therefore, in the next section, a somewhat unique methodology is used to estimate the coefficients of the quadratic function in an iterative fashion to ensure that the observability condition is met and ensure more reliable estimations. 
AN ITERATIVE APPROACH USING OBSERVABLE STATE SPACE MODELS TO ESTIMATE THE COEFFICIENTS OF THE QUADRATIC FRICTION FUNCTION
In this section, an iterative method for the estimation of friction coefficients is presented. The method is demonstrated by using simulation to ensure complete and accurate knowledge of the estimation accuracy. Furthermore it is easier to test the tracking capability of the estimation process whereby the friction characteristics are changed in a known and controlled form during simulation. A validated ERA model with a quadratic friction function was simulated using the Matlab/Simulink® environment.
Using the simulated load pressure as the input to the EKF and the piston position as the only measurement, a 3 was fIrst estimated assuming that the other coefficients were zero. The rank of the observability matrix was calculated and was found to be equal to 3, which was same as the number of states, thus indicating that the observability condition is satisfIed. The equation now becomes:
The discrete state space formulation of Equation 15 is expressed as follows:
Using Equation (16) and linearizing the system matrix:
The result of the EKF estimations are shown in Figure 6 , wherea3 converges to its simulated value with an estimation error of 1.7%.
The initialization matrices used in the EKF were set as follows: 
Time (5) ]: In addition the initial value used in the state matrix in the EKF algorithm to estimate a 3 was changed and it was verified that the EKF converged to the same value independent of the initial value used.
The next step was to use the estimated value for a 3 in the EKF model and estimate the remaining coefficients of the quadratic function. In this case, both piston position and velocity were used to make the state space model observable. The discrete state space formulation is given below:
Using Equation (19) and linearizing the system matrix: (19) Transactions ofthe CSME 
The initialization matrices used in the EKF were set as follows: Estimation of the coefficient of the quadratic friction model is illustrated in Figure 7 . The estimated position and velocity match the simulated states very closely and the estimated coefficients were a] = 2.1195xl0 4 (1% error) and a 2 =-1456(0.4% error). The initial state matrix in the EKF code was also changed and it was found that the estimated values were independent of the initial values used. For greater estimation accuracy, the above two step procedure can be repeated using the estimated coefficients as initial values. 
USING EKF TO ESTIMATE CHANGES IN THE COEFFICIENTS OF THE QUADRATIC FUNCTION IN SIMULATION
The parameters (coefficients of the quadratic friction model) were changed in the simulated EHA system and the EKF was used to estimate their values. It was found that when the iterative approach described in the previous section was used, changes in the parameters were detected and estimated with estimation error being less than 5%. When plotting the simulated (solid curve) and estimated (dotted curve) friction characteristics on the same axes, the simulated friction profile and its estimated counterpart were very close as illustrated in Figure 8 . It was also found that the estimated values were independent of the initial matrix used in the EKF code because the observability condition being met. 
ESTIMATION OF THE FRICTION FUNCTION COEFFICIENTS FOR THE EHA PROTOTYPE
From the previous section, it was shown that in simulation, parameter estimation was successful when observable state space models were used. The approach is applied to the EHA prototype where measured data instead of simulated values are used for load pressures, piston position and velocity. It should be pointed out that the approach is essentially an off-line method. The first parameter to be estimated was a This practically reduces the number of states from 5 to 3 and makes the system observable. The results of the EKF estimation process are illustrated in Figure 9 . The estimated states (piston position and velocity) agree with the measured ones and the estimated parameter converges to a value of 46 N. , the remaining coefficients were estimated using the EKF algorithm as shown in Figure 10 . In addition, the agreement between the estimated friction model by the EKF using the observable formulation of the problem and the measured friction model is illustrated in Figure 11 . It can be observed that an improvement in the result is obtained in the sense that good agreement exists between the two curves. The initial matrices used for initializing the EKF were also changed and it was found that the estimated values for the coefficients of the quadratic function were unaffected, increasing the confidence in the method used. In the EKF algorithm written using Matlab, a variable, denoted by signv, was introduced. It accounted for the change in sign in the velocity when the piston reverses direction, as described in Equation 2. This variable is not shown in the state space models described in this paper for simplicity. This variable was essentially a sign function (i.e. signv is equal to 1 when velocity is positive, -1 when velocity is negative and 0 otherwise).
CONCLUSIONS
In this paper a quadratic friction model for hydraulic pistons is proposed. The Extended Kalman Filter (EKF) approach in an iterative form was used to successfully estimate the coefficients of this quadratic friction model. This novel iterative approach ensures that the condition of observability in the estimation process is satisfied. The study was conducted and verified by using both simulated and experimental data from a high performance hydrostatic actuation system.
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NOMENCLATURE Symbol Definitions ValueslUnits

A
Pressure area in symmetrical actuators. 
